SUMMARY
1. To understand better the mechanisms which govern the sensitivity of secretory vesicles to a calcium stimulus, we compared the abilities of injected chromaflin granule membranes and of endogenous cortical granules to undergo exocytosis in Xenopus laevis oocytes and eggs in response to cytosolic Ca ~÷.
Exocytosis of chromatfin granule membranes was detected by the appearance of dopamine-/3-hydroxylase of the chromaffin granule membrane in the oocyte or egg plasma membrane. Cortical granule exocytosis was detected by release of cortical granule lectin, a soluble constituent of cortical granules, from individual cells.
2. Injected chromaffin granule membranes undergo exocytosis equally well in frog oocytes and eggs in response to a rise in cytosolic Ca 2÷ induced by incubation with ionomycin.
3. Elevated Ca 2+ triggered cortical granule exocytosis in eggs but not in oocytes.
4. Injected chromaffin granule membranes do not contribute factors to the oocyte that allow calcium-dependent exocytosis of the endogenous cortical granules.
5. Protein kinase C activation by phorbol esters stimulates cortical granule exocytosis in both Xenopus laevis oocytes and X. laevis eggs (Bement, W. M., and Capco, D. G., J. Cell Biol. 108, 885-892, 1989) . Activation of protein kinase C by phorbol ester also stimulated chromaffin granule membrane exocytosis in oocytes, indicating that although cortical granules and chromaffin granule membranes differ in calcium responsiveness, PKC activation is an effective secretory stimulus for both.
6. These results suggest that structural or biochemical characteristics of the chromaffin granule membrane result in its ability to respond to a Ca 2÷ stimulus. In the oocytes, cortical granule components necessary for Ca2÷-dependent exocytosis may be missing, nonfunctional, or unable to couple to the Ca 2÷ stimulus and downstream events.
INTRODUCTION
In regulated exocytosis mature secretory vesicles await a stimulus that triggers the events leading to fusion with the plasma membrane. A rise in cytosolic calcium is a common stimulus but is not the only initiator of regulated exocytosis. There is considerable heterogeneity among secretory cell types regarding the primary stimulus for exocytosis and also in the subset of biochemical events which can regulate responsiveness to the primary stimulus. In rat parotid cells and guinea pig pancreatic acinar ceils, elevation of cAMP is sufficient to cause secretion (Spearman and Butcher, 1989; Williams and Yule, 1993) . Elevations in cytosolic Ca 2+ also stimulate secretion in these cells. In rat basophilic leukemia cells activation of protein kinase C is necessary together with a rise in Ca 2÷ (Ozawa et aL, 1993) . In many cells protein kinase C activation enhances Ca2+-dependent secretion (Nishizuka, 1986) . In bovine adrenal chromaffin cells, protein kinase C activation enhances but is not necessary for calcium-dependent exocytosis (TerBush and Holz, 1990) .
The Ca 2÷ concentrations which stimulate secretion vary among cells. For example, in the giant synapse of the squid, greater than 100/zM Ca 2÷ probably stimulates exocytosis (Augustine et al., 1987) , whereas secretion stimulated by Ip33-induced Ca 2÷ release from intracellular stores in pancreatic acinar cells is triggered by Ca 2÷ concentrations at least two orders of magnitude lower (Williams et aL, 1989) . In bovine adrenal chromaffin cells, submicromolar Ca 2÷ is sufficient to trigger a small amount of exocytosis, while a Ca 2+ concentration of 100-300 ~M is necessary to stimulate maximal initial rates of secretion (Bittner and Holz, 1992) .
We have recently reconstituted the exocytotic function of a mammalian secretory vesicle, chromaffin granules from bovine adrenal medullae, in Xenopus laevis oocytes (Scheuner et al., 1992) . Both intact granules and granule membranes injected into the oocytes are able to undergo exocytosis upon a rise in cytosolic Ca 2+. Exocytosis was demonstrated by the strong correlation between the appearance of a lumenal membrane marker of the chromaffin granule, dopamine-fl-hydroxylase, on the surface of the oocyte and the release of catecholamine. An intracellular calcium concentration of approximately 18/~M free calcium (buffered by injected CaZ+/EGTA) supported chromaffin granule membrane exocytosis. This calcium concentration is comparable to that which stimulates exocytosis of chromaffin granules in the chromaffin cell (Dunn and Holz, 1983; Bittner and Holz, 1992) . The work did not examine whether the endogenous secretory granules of the oocyte (cortical granules) undergo exocytosis in response to Ca 2+ stimuli that trigger chromaffin granule membrane exocytosis.
Cortical granules in oocytes are much less able than those in eggs to undergo Ca2+-activated exocytosis (Iwao, 1982; Charbonneau and Grey, 1984; Elinson, 1986; Grey et al., 1974; Kubota et al., 1987; Bement, 1992) . Our finding that oocytes are capable of supporting chromaffin granule membrane exocytosis prompted us to investigate the role of the secretory vesicle in determining the Ca 2+ sensitivity of exocytosis. Exocytosis of chromaffin granule membranes and of endogenous cortical granules in oocytes and eggs was compared under identical conditions. An important aspect of these studies was our ability to measure both cortical granule and chromaffin granule membrane exocytosis in the same cells. The results suggest that the secretory vesicle membrane plays a majot role in the determining the Ca 2+ dependence of exocytosis.
MATERIALS AND METHODS

Isolation of Chromaffin Granules and Purification of Chromaffin Granule
Membranes. Highly purified chormaffin granule membranes were prepared from bovine adrenal medullae (Scheuner et al., 1992) . Medullae were homogenized in 0.3 M sucrose. The supernatant from an 800 g centrifugation was recentrifuged at 27,000g to generate a large granule fraction that was layered onto a sucrose shelf of 1.7M and centrifuged at 145,000g for 60rain. After centrifugation, the chromaffin granule pellet was lysed in 10 mM Hepes (pH 7.2), 1 mM EDTA, and 1 mM PMSF. The suspension was frozen, thawed, pelleted, resuspended in lysis buffer, and again pelleted. This final pellet was resuspended in 10 mM Hepes, pH 7.2, aliquoted, and stored at -70°C. For microinjection, chromaffin granule membranes were thawed, diluted to 2.8 mg protein/ml, and lightly sonicated. (Scheuner et al., 1992) . The oocytes were quickly washed with MBSH after injection and, within 2 min, bathed in 300/zl (unless otherwise indicated) of the indicated incubation solution at room temperature. Oocytes and eggs were cooled on ice to stop exocytosis. As a control for the immunocytochemistry, injections were performed with buffer (0.05/~1) without chromaffin granule membranes. Buffer-injected cells were subjected to equivalent procedures postinjection.
Xenopus laevis eggs were prepared from oocytes defolliculated as above, treated in vitro with 10 tzg/ml progesterone (Sigma Co., St. Louis, MO), and incubated overnight in L-15 medium. Eggs were injected and washed in O-Ca z+ MBSH. We have observed that the oocytes or eggs of some frogs (approximately 40%) do not support chromaffin granule exocytosis. We are not able to predict competency based on the visual appearance of the oocytes, although we select only healthy-appearing oocytes prepared according to the above procedures.
Surface Dopamine-[3-Hydroxylase Immunocytochemistry (Detection of Chromaffin Granule Membrane Exocytosis).
Immunocytochemistry was performed as previously described except that the fixation step was done after the antibody incubations and washings (Scheuner et al., 1992) . Oocytes or eggs were incubated with rabbit anti-dopamine-/3-hydroxylase (DBH) antibody, washed, and then incubated with FITC-labeled goat, anti-rabbit antibody. Oocytes or eggs were then fixed in 4% paraformaldehyde, washed, and placed in pphenylenediamine mounting medium for viewing. No significant immunofluorescence appeared on the surface of cells injected without chromaffin granule membranes. A positive response is defined as easily detectable, punctate or patchy fluorescence covering 10% or more of the surface area. Many cells displayed dopamine-/3-hydroxylase immunofluorescence covering up to 50% of the total surface area.
Cortical Granule Lectin Release from Individual Oocytes and Eggs.
Cortical granule lectin release was measured from oocytes or eggs via ELISA. When lectin release was measured from EGTA (10mM EGTA, 10mM Hepes, pH 7.2) or Ca2+/EGTA (9.93 mM CaCI2, 10 mM EGTA, 10 mM Hepes, pH 7.2, 10/zM free calcium)-injected cells, the cells were injected with 0.05/zl of the solutions while resting in a pool of 60ftl of MBSH. Where indicated, chromaffin granule membranes were suspended in these solutions for coinjection into the oocytes. The medium bathing the cells was recovered after the incubation period and lectin release was measured directly. Under these conditions, more than 7 ng of cortical granule lectin release is readily detectable. The total lectin content of the cell is approximately 395 ng (Monk and Hedrick, 1986) ; thus, secretion of 1.8% or more of the total cortical granule lectin could be detected. Because of the large lectin content in samples obtained from stimulated eggs, these samples were diluted 5 to 10-fold for assay.
When cortical granule exocytosis was measured from oocytes or eggs incubated in the presence or absence of 10/zM ionomycin (Table II) , the incubation solution was diluted 8-to 10-fold to minimize the inhibitory effect of ionomycin on the assay. The lectin content was compared to standard lectin samples containing an equivalent amount of ionomycin. Secretion of 25 ng (6% of the total lectin) is the minimum amount of lectin accurately detected under these conditions.
Wells in a 96-well plate were washed twice with 85% ethanol. Samples (38-48/zl) were added to wells containing concentrated coating buffer. The final composition was 1 M Na2/CO3, 1 M NaHCO3, pH 9.6 (60/zl). Lectin adsorption was accomplished by overnight incubation at 4°C. Wells were washed thrice with wash buffer (10mM Tris base, 150mM NaC1, 0.05% Tween 20, pH 7.5) and blocked by incubation in wash buffer with 2.5 mg/ml BSA for 3.5 hr at room temperature. Goat anti-cortical granule lectin antibody (1:1000 dilution in wash buffer) was incubated with the wells overnight at 4°C or 1 hr at room temperature. Wells were washed three times with wash buffer and incubated for 1 hr at room temperature with 1:1000 horseradish peroxidase-conjugated secondary antibody (Sigma Co., St. Louis, MO). The wells were washed and the peroxidase reaction was developed using a modified ABTS method (Childs and Bardsley, 1975; Shindler et aL, 1976; Makinen and Tenovuo, 1982; Engvall, 1980) . The substrate buffer contained 50 mM citric acid pH 4.0, 0.23 mM H202, 0.54 mM ABTS. The absorbance was measured at 404 nm.
RESULTS
Xenopus laevis Eggs Support Chromaflin Granule Membrane Exocytosis
In a previous study we found that chromaffin granule membranes were able to undergo calcium-activated exocytosis in approximately 40% of the injected oocytes. The endogenous cortical granules in eggs are much better able than those in oocytes to undergo calcium activated exocytosis (Iwao, 1982; Charbonneau and Grey, 1984; Elinson, 1986; Grey et al., 1974; Kubota et al., 1987; Bement, 1992) . If this difference is caused by differences in cytosolic or other factors not associated with the secretory vesicle, then the ability of injected chromaffin granule membranes to undergo exocytosis may be greater in eggs than in oocytes. To investigate this possibility, eggs were microinjected with chromatiin granule membranes and then incubated in standard MBSH in the absence or presence of ionomycin (10/zM). Ionomycin caused the surface appearance of DBH in 10 of 30 eggs (33%) ( Table I) . Incubation of eggs in the absence of ionomycin caused the surface appearance of DBH in only 1 of 36 eggs (3%). Figure 1B demonstrates a typical response to ionomycin. A speckled and sometimes aggregated DBH-specific immunofluorescence was apparent over approximately 40% of the surface area of the egg. In comparison, a representative egg incubated in the absence of ionomycin displayed virtiually no surface immunofluorescence (Fig. 1A) . These results are comparable to those obtained previously in frog oocytes and indicate that there is little difference between the capacity of eggs and oocytes to support calcium-activated exocytosis of injected chromaffin granule membranes.
Conditions Which Support Chromaflin Granule Membrane Exocytosis in
Xenopus laevis Oocytes Do Not Elicit the Cortical Granule Reaction
To investigate the ability of endogenous cortical granules to undergo exocytosis under the conditions of our experiments, we measured the release from individual oocytes of a soluble protein stored within cortical granules, cortical granule lectin. The lectin is a specific marker for cortical granule exocytosis (Nishihara et aL, 1986; Monk and Hendrick, 1986) . The ELISA we established could accurately measure secretion of lectin from individual cells stimulated with ionomycin with a sensitivity of greater than approximately 6% of the total cortical granule lectin in an oocyte or egg (see Materials and Methods). Ionomycin stimulated the cortical granule reaction in eggs but not from oocytes (Table II) . Every egg secreted cortical granule lectin. This is the first reported measurement of calcium-regulated cortical lectin secretion from individual cells. The amount of calcium-triggered lectin release from individual eggs is consistent with previous measurements of lectin release from groups of 100 eggs (Monk and Hedrick, 1986) . None of the oocytes released a significant amount of cortical granule lectin in response to ionomycin. Therefore, it is unlikely that the oocytes supporting chromaffin granule membrane exocytosis represent a subpopulation of cells that are also capable of supporting exocytosis of their endogenous secretory vesicles. The calcium stimulus provided by ionomycin was sufficient in eggs but not in oocytes to activate cortical granule exocytosis.
It was possible that injected chromaffin granule membranes supplied the oocyte with components which not only permitted the injected membranes to undergo exocytosis but also conferred to the endogenous cortical granules the ability to undergo exocytosis. This was investigated by measuring cortical granule lectin release from individual oocytes injected with chromaffin granule membranes and either EGTA or a Ca2÷/EGTA solution that buffered Ca 2÷ at approximately t8/zM (Table III) . The assay sensitivity under these conditions was 1.8% secretion of total cortical granule lectin (see Materials and Methods). Every egg injected with chromaffin granule membranes in solution containing 18/~M free Ca 2÷ (buffered with EGTA) secreted substantial amounts of cortical granule lectin (286 + 63 ng; n = 9 eggs) as expected. Cortical granule lectin was not released from any of the oocytes injected with chromaffin granule membranes together with either EGTA or Ca2÷/EGTA (18/zM free Ca2÷). Despite the absence of cortical granule lectin release, some of the oocytes were capable of Injected with CGM/10 mM EGTA 0/9 1.2 4-0.5 Injected with CGM/Ca 2÷/EGTA 3/7 2.0 ± 0.6 buffered to 18 p,M free calcium Oocytes were injected with chromatfin granule membranes (CGM; 0.t4/~g protein) in 10mM EGTA or in 10mM EGTA with calcium buffered to 18/xM free calcium. Cortical granule lectin (CGL) release was measured from inidividual oocytes 15 min after injection. These same cells were then processed for dopamine-/3-hydroxylase immunocytochemistry and evaluated for surface immunofluorescence. The positive DBH responses reflect strong immunofluorescence on >10% of the cell surface. Activation of eggs by injection of the Ca2+/EGTA buffer resulted in cortical granule lectin release from 100% of the eggs (286 4-63 ng of CGL per egg; n = 9). chromaffin granule membrane exocytosis (three of seven oocytes). Thus the calcium stimulus triggered chromaffin granule membrane exocytosis in oocytes in which cortical granule exocytosis did not occur.
The experiments indicate that the Xenopus laevis oocyte and egg are equally competent to support chromaffin granule membrane exocytosis despite differences in the ability of endogenous cortical granules to undergo exocytosis.
Phorbol Ester-Treated Oocytes Support Chromalfm Granule Membrane Exocytosis
Cortical granules in oocytes are not absolutely blocked from undergoing exocytosis. Activation of protein kinase C by phorbol ester is sufficient to cause full cortical granule exoeytosis (Bement and Capco, 1989) . We investigated whether activation of oocyte protein kinase C would be sufficient to elicit chromaffin granule membrane exocytosis in injected oocytes. PMA (0.6/~M) caused strong dopamine-/3-hydroxylase responses in 10 of 31 cells (Table IV and Fig. 2 ). This concentration of PMA is optimal in stimulating cortical granule exocytosis (Bement and Capco, 1989) . Inactive phorbol ester did not stimulate chromaffin granule membrane exocytosis. Thus, despite their differing abilities to respond to a calcium stimulus, cortical granules and chromaffin granule membranes are alike in their responsiveness to protein kinase C activation in the oocyte.
DISCUSSION
The focus of the present study was to investigate the cellular components which determine Ca z÷ sensitivity in regulated exocytosis. In a previous study we demonstrated that both chromaffin granule membranes and intact chromaffin granules injected into Xenopus laevis oocytes undergo Ca2+-dependent Oocytes were preincubated for 13 min in MBSH buffer alone or buffer containing 4aPDD or PMA. The oocytes were then injected in MBSH buffer with chromaffin granule membranes (0.14/~g protein). Treatment with buffer, 4aPDD, or PMA was continued for an additional 15min. The oocytes were then processed for surface DBH immunocytochemistry. The positive responses reported reflect strong immunofluorescence on >10% of the cell surface. No immunofluorescence was displayed on cells injected with buffer without chromatiin granule membranes and treated in an equivalent manner. The data are from two combined experiments. exocytosis with the oocytes plasma membrane. In this study we compared the abilities of injected chromaffin granule membranes and of endogenous cortical granules to undergo exocytosis in Xenopus laevis oocytes and eggs in response to a rise in cytosolic Ca 2÷. The following observations suggest that the secretory vesicle membrane determines the ability of the membrane to undergo Ca2÷-dependent exocytosis.
(1) Injected chromaffin granule membranes, but not endogenous cortical granules, are able to undergo exocytosis in frog oocytes. However, oocyte cortical granules are competent to undergo exocytosis without a Ca z÷ signal upon activation of PKC. Thus, the oocyte has the capacity to support Ca2÷-regulated exocytosis, but it must be presented with a vesicle that can respond to a Ca 2÷ signal. (2) Injected chromaffin granule membranes undergo exocytosis no better in eggs than in oocytes despite the much greater ability of endogenous cortical granules to undergo exocytosis in eggs than in oocytes. Thus, cellular changes which confer increased Ca 2÷ sensitivity to the endogenous granules upon maturation of the oocytes to the egg do not enhance chromaffin granule membrane exocytosis. (3) The ability of chromaffin granule membranes to respond to a Ca 2÷ stimulus is not transferred to endogenous cortical granules of oocytes within the 20 min between injection of the chromaffin granule membranes and cooling of the oocyte. Thus, within the time frame of the experiments, Ca 2÷-responsiveness of the chromaltin granule membranes is a nontransferable property of the chromaffin granule membrane. We conclude that the difference in the abilities of chromalfin granule membranes and cortical granules to respond to a Ca 2÷ signal in the oocyte is likely to reflect either differences in secretory vesicle membrane components necessary for the recognition of a Ca 2÷ stimulus or differences in coupling to events downstream from a Ca 2÷ stimulus. For example, in the oocyte, cortical granule components necessary for CaZ÷-dependent exocytosis may be missing, nonfunctional, or unable to couple to the Ca -,+ stimulus and downstream events (Bement and Capco, 1990) . It seems unlikely that the smaller size of the chromaffin granule (0.3-/zm diameter) than the cortical granule (1-/zm diameter) permits the chromaffin granule or chromaffin granule membrane to interact better with the oocyte plasma membrane, since most of the cortical granules are within 200nm of the plasma membrane (Bement and Capco, 1990 ). However, it is possible that the cortical granule is locked in position by the cytoskeleton so that it cannot contact the plasma membrane and respond to the Ca 2÷ stimulus. Thus, the cortical granule membrane may prevent its exocytosis by specific interactions with other cellular components.
Our analysis has not identified the biochemical components responsible for the ability of chromaffin granules to undergo calcium-dependent exocytosis in the oocyte. This study has also not determined whether the Ca 2÷ sensor is on the secretory granule membrane or resides elsewhere in the cell. However, work in other laboratories has implicated two calcium-sensitive, lipid-binding proteins in exocytosis-calpactin I (Ali et al., 1989 : Sarafian et al., 1991 and synaptotagmin (Brose et al., 1992; Elferink et aI., 1993; Bommert et al., 1993) . Rabphilin3a, a binding protein for the ras-like protein Rab3a, has also been suggested to be a calcium sensor in exocytosis (Shirataki et al., 1993; Kishida et al., 1993; McKiernan et al., 1993) . Work is continuing to determine the role of these proteins in exocytosis.
